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(57) ABSTRACT

A method of forming, on the surface of a glass matenial, a
raised feature having a height within a target range, compris-
ing (1) providing a glass material having a surface, (2) pro-
viding the glass material locally, at a location at or below the
surface, with an amount of energy causing local expansion of
the glass material so as to raise a feature on the surface at the
location, (3) detecting the height of the raised feature or the
height over time of the raised feature, (4) (a) 11 the height 1s
below or approaching a value below the target range, provid-
ing the glass material at the location with energy 1n a greater
amount, or (b) 1t the height 1s above or approaching a value
above the target range, providing the glass material at the
location with energy 1n a lesser amount, and (5) repeating
steps (3) and (4) as needed to bring the height within the target
range. Methods and devices for automating this process are
also disclosed.

11 Claims, 5 Drawing Sheets
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1

METHOD FOR LOCAL REVERSIBLE GLASS
SWELLING

This invention was made with Government support under
Agreement No. H98230-05-C-0429 awarded by Maryland
Procurement. The U.S. Government has certain rights in this
invention.

BACKGROUND

This invention relates to surface texturing of glass materi-
als and specifically to surface texturing of glass matenals
induced by locally applied energy. Such texturing may
include making bumps, ridges, and all variety of more com-
plex surface features resulting from combinations of these.

The etfect of glass swelling when locally irradiated with a
laser 1s known. Small bumps, less than a few micrometers,
tormed by heating a glass surface with a CO, laser, have been
reported, such as i U.S. Pat. No. 5,567,484, “Process for
Texturing Brittle Nonmetallic Surfaces” (1996). Raising
larger bumps 1nto shapes defined by an overlying mold has
also been reported, such as i U.S. Pat. No. 7,152,434,
“Method for Producing Planar Lens and Planar Lens Array”™
(2006). It would be desirable to be able to raise bumps on a
glass surface to significant heights, such as beyond a few

micrometers or even as great as 100 micrometers or more, but
with fine reproducibility and control of the height such as
control as tight as £100 nanometers, without being limited to
the form or shape of a particular mold surface.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, the imnven-
tion includes a method of forming, on the surface of a glass
material, a raised feature having a height within a target
range. The method comprises (1) providing a glass material
having a surface, (2) providing the glass material locally, at a
location at or below the surface, with an amount of energy
causing local expansion of the glass material so as to raise a
feature on the surface at the location, (3) detecting the height
of the raised feature or the height over time of the raised
teature, (4)(a) 1t the height 1s below or approaching a value
below the target range, providing the glass material at the
location with energy 1n a greater amount, or () 11 the height
1s above or approaching a value above the target range, pro-
viding the glass material at the location with energy in a lesser
amount, and (5) repeating steps (3) and (4) as needed to bring
the height within the target range. According to another
aspect of present invention, methods and devices for automat-
ing this process are also disclosed.

Additional features and advantages of the invention will be
set forth 1n the detailed description which follows, and 1n part
will be readily apparent to those skilled 1n the art from that
description or recognized by practicing the invention as
described herein, including the detailed description which
tollows, the claims, as well as the appended drawings.

It 1s to be understood that both the foregoing general
description and the following detailed description present
embodiments of the invention, and are intended to provide an
overview or framework for understanding the nature and
character of the invention as 1t 1s claimed. The accompanying
drawings are included to provide a further understanding of
the invention, and are incorporated into and constitute a part
of this specification. The drawings 1llustrate various embodi-
ments ol the mvention, and together with the description
serve to explain the principles and operations of the invention.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow diagram of certain aspects of a method
according to the present invention;

FIG. 2 1s a diagrammatic cross-sectional view of a glass
surface being textured by electromagnetic radiation;

FIG. 3 1s a diagrammatic cross-sectional view of a glass
surface being textured by a surface-disposed energy concen-
trating element;

FIG. 4 1s a diagrammatic cross-sectional view of a glass
surface being textured by a probe tip;

FIG. 5 1s a schematic diagram of a system or device for
carrying out and automating the method of the present mven-
tion;

FIG. 6 1s a graph of experimental results of glass bump
height 1n micrometers as a function of dose energy 1n Joules
of a laser pulse;

FIG. 7 1s another graph of experimental results of glass
bump height 1n micrometers as a function of dose energy in
Joules of a laser pulse;

FIG. 8 1s a graph of the dose energies and resulting feature
heights for multiple laser pulses raising a feature to 70
micrometers+100 nanometers according to the methods of
the present invention;

FIG. 9 1s a graph of the dose energies and resulting feature
heights for multiple laser pulses raising a feature to 40
micrometers+100 nanometers according to the methods of
the present invention.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

Reference will now be made 1n detail to the present pre-
terred embodiments of the invention, example of which are
illustrated in the accompanying drawings. Whenever pos-
sible, the same reference numerals will be used throughout
the drawings to refer to the same or like parts.

One embodiment of the method or process of the present
invention 1s illustrated in the flow diagram of FIG. 1. This
method allows the forming, on the surface of a glass matenal,
of a raised feature or multiple such features having a height
within a target range. Such raised features may include simple
bumps, but also nidges and all variety of more complex sur-
face features resulting from combinations of these.

As may be seen 1 FIG. 1, the method 10 of the present
invention generally includes a step 1 of providing a glass
material having a surface followed by a step 2 of applying a
local energy dose, at a location at or below the surface, with an
amount of energy causing a local expansion of the glass
material so as to raise a feature on the surface. Next, in a step
3, the height of the raised feature 1s measured or detected, and
optionally, 11 continuous energy dosing i1s used, the height
being approached is extrapolated. In a step 4, the measured or
detected or extrapolated height 1s compared to the target
range as represented by the decision diamonds 12 and 14. IT
the current height, or the height being approached, 1s below
the target range then the glass material 1s provided with
energy 1n a greater amount, as represented 1n part a of step 4.
If the current height, or the height being approached, 1s above
the target range then the glass material 1s provided with
energy 1n a lesser amount, as represented in part b of step 4. As
a final step 1n the form of a repeat loop 3, steps 3 and 4 are
repeated as needed to bring the height within the target range.

The presently preferred means of supplying the energy
used 1n the method of FIG. 1 1s shown 1n FIG. 2. In FIG. 2, a
glass material 16 1s shown being 1rradiated on a surface 20
thereof by radiation 18. The radiation 1s desirably from a laser
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beam or other electromagnetic source capable of producing
an 1rradiated spot size on the order of 0.2-0.5 millimeters. A
focused or unfocused laser may be used, as may other suifi-
ciently high intensity sources, whether coherent or not, it they
are focused and/or masked down to a sufficiently small spot
s1ize. Frequencies other than visible and infrared, such as
microwave, may potentially be of use. What 1s generally
required 1s a sulliciently small spot size, together with suifi-
ciently high power, and sufficiently absorptive glass material,
such that an amount of energy 1s deposited in a small enough
volume 24, so that a bump or other surface feature 22 1s raised
and stays 1n place when the radiation 1s removed. Some care
must be taken to appropriately match the absorption of the
glass with the wavelength of radiation used. Highest absorp-
tion 1s not always preferred, however, as deeper penetration of
the radiation, with a consequently deeper heating zone, tends
to allow greater feature heights.

One alternative method of providing the energy used in the
method of FIG. 1 1s shown 1n FIG. 3. In FIG. 3, a surface
energy concentrator in the form of a heating element 26 1s
positioned on the surface 20, and supplied with energy, such
as an electrical current from surface leads 28 and bonded
wires 30.

As another alternative method of providing the energy of
the method of FIG. 1 1s shown 1n FIG. 4. In FIG. 4, an energy
delivering probe 1n the form of a vibrating or rotating friction
probe 90 heats the surface of the glass material 16.

According to one embodiment of the method of the present
invention, the steps shown in FIG. 1 are performed continu-
ously, that 1s, the applications of energy 1n steps 2 and 4 of
FIG. 1 need not be discrete events, but energy may be applied
essentially continuously until a height within a given target
range 1s reached. Thus, 1n this embodiment, providing the
glass material locally, at a location at or below the surface,
with an amount of energy, and providing the glass material
with energy 1n a greater amount, and providing the glass
material with energy in a lesser amount, together comprise
providing the glass material with a varying but continuous
dose of energy.

An alternative 1s providing discrete doses of energy in steps
2 and 4 of FIG. 1. In this embodiment, providing the glass
maternal locally, at a location at or below the surface, with an
amount of energy, and providing the glass matenial with
energy 1n a greater amount, and providing the glass material
at the location with energy 1n a lesser amount, each comprise
providing the glass material with a discrete dose of energy.

Of course these two alternatives may also be mixed such
that discrete doses are sometimes used and continuous doses
are sometimes used, 11 desired.

The methods of the present mnvention offer the ability to
create raised features on the surface of a glass material having
heights 10, 50, or even 100-200 micrometers or greater.
Bumps have even been produced as great as 250 micrometers
in height. The method of the present invention also offers the
ability to reliably achieve heights within target ranges as
narrow as plus or minus 500, 200, and even 100 nanometers
(nm). Producing features of 100 micrometers height to within
+100 nanometers represents a maximum variation in height
of only one-half of one percent.

As another aspect of the present invention, the method of
claim 1 may be automated, if desired. An example of a system
110 for automatically surface-texturing an article of glass
material 1s shown 1n FIG. 5. An x-y moveable stage device 40
includes a moveable stage 42 upon which an article of glass
material 16 1s placed. A controller 70, which may be anything,
from one or more 1tems of dedicated circuitry or small micro-
controllers, up to a dedicated computer or a portion of a
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factory control system, includes storage for, or has access to,
information relating to one or more glass material’s behavior
under influence of one or more types of energy, desirably laser
energy as the presently preferred embodiment. The controller
70 also stores or has access to the raised feature or pattern of
raised features to be formed. The controller 70 uses the infor-
mation, such as by a software or hardware estimating algo-
rithm, one or more look-up tables, or suitable substitutes
therefor, to choose the 1mitial energy and irradiation time
based on the target range. Generally, that amount of energy
which 1s most likely to achieve a feature height in the center
ol the target range 1s selected, although particular glass mate-
rials may call for aiming initially to the high or low side of
center, 1f the target 1s easier to approach from a particular side
for a particular material or a particular feature height. The
controller also signals the stage device 40 to position the stage
42 and glass material 16 so as to create the desired feature at
the desired location on the surface of material 16.

When the glass material 1s 1n the desired position, control-
ler 70 signals a laser device 50 to impart the chosen amount of
energy via the beam 18. Energies on the order of 1-10 Joules
delivered 1n a time period on the order o1 0.1 to 2 seconds are
believed generally appropriate, although times as long as 5 or
10 seconds have also succeeded in testing. As described
above, the localized energy input causes the raising a surface
teature. I1 discrete energy doses are used, the raised portion
becomes fixed 1n 1ts raised state, very soon after the irradia-
tion of the glass material 16 ends.

Whether discrete or continuous energy doses are used, the
feature height 1s then measured by a measuring device 60,
such as an optical profilometer using a scanning measuring
beam 62. For facilitating this measurement in the case of
discrete energy doses, stage device 40 may move the state 42
to the position shown 1n dashed outline 1n the figure. Alter-
natively, the measuring device may be positioned closely to,
or may even be incorporated into, the optical system 52 of the
laser device 50, as shown by the alternate measurement beam
63, or may be otherwise directed toward the glass material 1n
its first position, so that no movement of the stage 42 1is
necessary. The optical system 52 of the laser device 50 may
even 1include beam steering capability, such that no moveable
stage 42 or moveable stage device 40 1s required, even for
formation of complex raised features, 1n automated system
110. In the absence of more typical beam steering, the laser
itsell 10 or relevant a portion thereof may be moveable on
mounting structure 80, as may be the measuring device 60,
such that even without beam steering, no moveable stage need
be used. Use of a measurement system that operates concur-
rently with the 1rradiation beam 18 allows for use of continu-
ous energy doses to more quickly reach targeted ranges.

After determining whether the measured height 1s above or
below target, a new energy amount 1s selected by the control-
ler, 1n accord with the method of FIG. 1, and the steps of
irradiating and measuring are repeated. It 1s preferred that the
time of wrradiation 1s kept the same, while the dose 1s varied.
Where continuous energy doses are used, the controller 1s
preferably programmed to take account of the growth trends
of the raised features as they are raised, such that not just the
height, but the height over time of the raised features 1s
measured and recorded or reflected within the controller’s
memory functions, such that the controller functions to
extrapolate the final height being approached with a given
dose energy. In the continuous dose embodiment, 11 the height
1s approaching a value below the target range, then the glass
material 1s provided with energy 1n a greater amount, and 11
the height 1s approaching a value above the target range, then
the glass material 1s provided with energy 1n a lesser amount.
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EXPERIMENTAL

Glass compositions for which reasonably tall bumps have

been achieved at a wavelength of 810 nm, and for composi-
tion 3 also for 1550 nm, are listed in Table I below. The 1550

nm wavelength 1s desirable 1n order to fabricate bumps on
glass that 1s covered with substrate like silicon, which 1s

transparent at that wavelength. This 1s a principal wavelength
produced by a 1.5-um erbium fiber laser. Using this form of
laser, the capability to both increase and decrease bump
heights has been demonstrated.

TABLE 1

Composition Number

1 2 3
Oxides, S102 79.84 78.84 78.34
Composition B203 10.56 10.56 10.56
(Mol %) Al203 1.21 1.21 1.21
Na20 5.38 5.38 5.38
Fe203 1 0 1.5
T102 2 2 3
K20 0 0 0
CuO 0 0 0
CeO2 0 2 0
Optical @ 810 nm 1.67 0.07 4.15
density in @ 1550 nm 0.72 — 2.73
log,o, @1 mm
thickness
Max. bump @ 810 nm 111/9.7 196/27.3 70/6.7
height, in @ 1550 nm - - 250/25
um, (@ pulse
energy, in J.

That bump or other feature height can be predicted reason-
ably well, as a function of laser pulse energy dose, 1s shown by
the experimental results graphed 1n FIGS. 6 and 7. FIG. 6
shows bump heights 1n micrometers as a function of dose
energy ol a one-second laser pulse in Joules. The laser
employed was an erbium-doped fiber laser at 1550 nm wave-
length, and the glass composition was composition 3 of Table
I above, with several different samples tested as shown by the
various graph symbols. As may be seen from the figure, an
essentially linear relationship was revealed, with small varia-
tion. FIG. 7 shows the another result for the relationship
between the dose energy of an 1nitial one second laser pulse,
in Joules on the x axis and bump height 1n micrometers The
light trace 1s one sample, and the dark trace another sample of
the same material used 1n the tests of FIG. 6. A 1550 Laser
output 1s also used. FIG. 7 shows and extremely linear rela-
tionship up to about 10 Joules, above which the 1nitial height
1s not so great. It 1s presently preferred to stay within the mnitial
linear portion of the curve of FIG. 7. Data like that shown 1n
FIGS. 6 and 7 are clearly usetul to automate the selection of
the 1nitial pulse energy.

The ability to both increase and decrease the height of
bumps or other features 1s critical to reaching height values
within a narrow target range. In the previous practice, with no
way to easily or reliably decrease the height of a bump that 1s
too high, an extremely uniform control of the energy source
(laser or other) 1s required, along with extreme uniformity of
the glass material itself, so that heights within narrow target
ranges may be reliably obtained. Such high uniformity of
glass material and such tight control of laser power are diifi-
cult.

In contrast, 1n accordance with the present invention, the
height of bumps or other features 1s adjusted, either up or
down, as needed. FIGS. 8 and 9 show two experimental
examples of the method of the present invention, applied to
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achieve bump heights of 30 um and greater to within a target
range of 100 nm. Discrete energy doses were used. For each
does, numbered on the x axis, dose energy 1s plotted as a
triangle 1n Joules against the left axis, while resulting feature
height 1s plotted as a circle 1n micrometers against the right
axis.

Example 1

It was determined to raise a bump to a height o1 70 um=100
nm on a surface of a glass material corresponding to compo-
sition 3 of Table I, using 1510 nm radiation from an erbium-
doped fiber laser. Relying on data like that in FIGS. 6 and 7,
an 1nitial dose energy of 4.25 watts was selected. The laser
output was then focused on or a little under the glass surface
into a 0.2-0.4 mm spot as 4.25 watts was irradiated over one
second, forming an 1nitial bump.

After the mmitial bump 1s formed, 1ts height 1s measured with
a laser profiler as shown 1n FIG. 4. The measurement revealed
an achieved height of 68.5 um—somewhat short of the
desired height, as shown in FIG. 8. Since the height attained
differed from the target value in that it was short by 1.5 um,
the adjustment process requires applying a higher energy
pulse than that used in the first shot to increase the height. IT
this 1nitial bump had overshot the target, 1t would have to be
reduced by employing a lower energy pulse that that
employed 1n the first shot.

Continuing with this example to trim (grow ) the bump up to
the desired height, a second shot of 4.39 J was administered,
raising the bump height to ~69.5 um——still 0.5 um short of the
target. A third 4.44 J shot was administered and i1n this
example the height actually went down. This sometimes
occurs when trimming due to varnations 1n the linearity of the
loser output power versus the setting. The energies listed are
the projected ones based on the pump settings. In testing the
laser pulse-to-pulse instability was around +/-35%. Hence,
another shot was required. A 4.53 J pulse was administered
which grew the bump to 70.1 um, which was within +/-100
nm from the goal. This also demonstrates the ability of this
process to take up some of the slack in the laser pulse-to-pulse
instability. That 1s, a less precise laser with a +/-5% pulse-
to-pulse 1nstability can be used.

Example 2

A second example 1s represented by the data shown in FIG.
6, wherein the bump height target value was 40 um. Again,
looking at the data presented in FIGS. 6 and 7 helps guide the
selection of laser pulse energy administered for the first shot.
In this example a 2.72 Joule pulse was selected. This exposure
resulted 1n a taller bump than desired —40.9 um. Since the
glass was produced 1n a small batch size, cord (inhomogene-
ities) 1s oiten observed. Again, the ability of the inventive
process to tune bump heights up and down does not require
high quality, homogeneous samples. Since the bump height
was taller than desired, a subsequent dose of less energy than
the first 1s required to trim the bump height down. A second
pulse of 2.63 J trimmed the bump height down to ~40.45 um.

Finally, a third shot of 2.54 J brought the bump height to 39.9
uwm, within the target height desired.

What 1s claimed 1s:
1. A method of forming, on the surface of a glass material,
a raised feature having a height within a target range, the
method comprising:
(1) providing a glass material having a surface;
(2) providing the glass material locally, at a location at or
below the surface, with an amount of energy causing
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local expansion of the glass material so as to raise a
feature on the surface at the location;

(3) detecting the height of the raised feature or the height
over time of the raised feature; and

(4)(a) 1f the height 1s below or approaching a value below
the target range, providing the glass material at the loca-
tion with energy 1n a greater amount,

(b) 11 the height 1s above or approaching a value above
the target range, providing the glass material at the
location with energy 1n a lesser amount,

(5) repeating steps (3) and (4) as needed to bring the height
within the target range.

2. The method according to claim 1 wherein the height 1s at

least 10 um and the target range 1s equal to or less than £500
nm of the height.

3. The method according to claim 1 wherein the target
range 1s equal to or less than 200 nm of the height.

4. The method according to claim 1 wherein the target
range 15 equal to or less than £100 nm of the height.

5. The method according to claim 1 wherein the height 1s at
least 30 um.

6. The method according to claim 1 wherein the height 1s at
least 80 um.
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7. The method according to claim 1 wherein the dose of
energy 1s supplied by one or more of: electromagnetic radia-
tion and friction.

8. The method according claim 1 further comprising the
step of automatically performing steps (2)-(3).

9. The method according to claim 1 wherein (1) providing,
the glass material locally, at a location at or below the surface,
with an amount of energy, and providing the glass material at
the location with energy 1n a greater amount, and providing
the glass material at the location with energy in a lesser
amount, together comprise providing the glass material with
a varying but continuous dose of energy; or (2) providing the
glass material locally, at a location at or below the surface,
with an amount of energy, and providing the glass material at
the location with energy 1n a greater amount, and providing
the glass maternial at the location with energy 1n a lesser
amount, each comprise providing the glass material with a
discrete dose of energy.

10. The method according to claim 1 wherein providing the

glass material with energy 1n a greater amount increases the

20 height and providing the glass material with energy in a lesser

amount decreases the height.
11. The method according to claim 1 comprising applying

steps (4a) and (4b).
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